The natural habitats of microbes are typically spatially structured with limited resources, so opportunities for unconstrained, balanced growth are rare. In these habitats, selection should favor microbes that are able to use resources most efficiently, that is, microbes that produce the most progeny per unit of resource consumed. On the basis of this assertion, we propose that selection for efficiency is a primary driver of the composition of microbial communities. In this article, we review how the quality and quantity of resources influence the efficiency of heterotrophic growth. A conceptual model proposing innate differences in growth efficiency between oligotrophic and copiotrophic microbes is also provided. We conclude that elucidation of the mechanisms underlying efficient growth will enhance our understanding of the selective pressures shaping microbes and will improve our capacity to manage microbial communities effectively.
Introduction
The conceptual foundation of microbial physiology was built on studies of microbes during balanced growth in homogenous cultures. Schaechter et al. (1958) first established that bacteria adjust their macromolecular composition to match growth rate. The rate of a population's exponential growth is an integrated signal composed of the chemical and physical features of an environment. As stated elegantly by Neidhardt (1999) , 'ywhen growth is the ultimate interest, one cannot long delve into single enzymes and genes, or even individual pathways and mechanisms, without at some point returning to the whole cell and asking about the coordinated operation of processes. ' The growth rate of a microbe-the number of progeny produced per unit time-is an important component of fitness in most environments and therefore a pivotal life history trait. Any trait that impacts fitness by altering a microbe's reproduction or survival is termed a life history trait, and these include responses to varying resource availability, population density and other extracellular factors (Vasi et al., 1994) . The collection of life history traits define a microbe's life history-the overall pattern of reproduction and survival.
A less obvious, but equally important life history trait is the efficiency of microbial growth-the number of progeny produced per unit of resource consumed. Like growth rate, growth efficiency integrates a microbe's physiology, ecology and evolutionary history. The efficiency of growth for any given microbe depends on multiple environmental and population-specific factors, including the free energy available from a resource (Linton and Stephenson, 1978) , pathways for resource utilization (Flamholz et al., 2013) , the availability of precursors for biomass synthesis (Stouthamer, 1973) and the fraction of available energy devoted to maintenance functions instead of growth (Hoehler and Jørgensen, 2013) . We do not yet know the collection of specific genetic determinants that underlie growth efficiency, but as described below, it is obvious that efficiency is a life history trait and is under selection in most environments. Although our ultimate goal is to understand all elements of a microbes fitness in concert, including both reproduction and survival components, our primary focus in this work is on two life history traits that impact reproduction-the rate and efficiency of population growth.
Growth efficiency is important from an evolutionary perspective and has repercussions for understanding how ecosystems function. Carbon use efficiency (CUE), the amount of carbon incorporated into biomass per carbon resource consumed, is one way to measure growth efficiency and is a proxy for the number of progeny produced per unit resource. It also provides a quantitative measure of the impact that microbes have on nutrient cycling in an ecosystem. In animals' digestive tracts, microbes impact many essential processes for the holoorganism, especially the nutritional value extracted from their diets (McFall-Ngai et al., 2013) where microbial CUE is likely a critical variable. Heterotrophic microbes are major contributors to the global carbon cycle (Cho and Azam, 1988; Singh et al., 2010) -respiring 60 gigatonnes of terrestrial organic matter to carbon dioxide (CO 2 ) each year, roughly six times more than annual anthropogenic emissions (Trivedi et al., 2013 )-yet we are just beginning to understand the efficiency of carbon use by heterotrophic microbes and its impact on ecosystem carbon cycling (Manzoni et al., 2012; Lee and Schmidt, 2014) . Exploring variations in CUE among diverse microbes will improve our knowledge of how microbial communities impact carbon flux, from the small scale of host-microbiome interactions to largescale annual CO 2 flux from an ecosystem.
We address two primary questions in this perspective: which environmental characteristics favor efficiency and what is the extent of plasticity in growth efficiency of individual microbes? Key findings are illustrated using aerobic heterotrophs, but should also apply to fermentative microbes and those that respire any of an array of terminal electron acceptors other than oxygen (O 2 ). In regards to the terminology used to describe efficiency, ecologists often measure growth efficiency in carbon (C) units, that is, moles of C incorporated into biomass per mole of C consumed, and use the terms CUE, microbial growth efficiency and bacterial growth efficiency interchangeably to describe this measure. Microbial physiologists and engineers more often describe efficiency in terms of yield. Yields are expressed in units that are not as easily compared across microbial populations or growth conditions, for example, biomass per gram of resource, per mole ATP or per mole of electrons. We have elected to use CUE as a measure of efficiency in addition to progeny per resource measurements. CUE varies between 0 and 1 and provides an intuitive comparison across organisms and resources.
When is efficient growth favored?
An intriguing study of how spatial heterogeneity and varying resource availability influences selection on growth rate and growth efficiency was conducted using mathematical simulations of heterotrophic microbes. In these simulations, two types of 'organisms' competed across gradients of spatial structure and resource flux. One was a rapidly growing, inefficient, respiro-fermentative organism. The other was an efficient, but slow growing, obligately respiring organism. Efficient growth was favored over rapid growth when the flux of resources was low and spatial heterogeneity was high. As the flux of resources increased and the environment became more homogeneous, the rapidly growing organism was favored (Pfeiffer et al., 2001) . Potential tradeoffs between growth rate and growth efficiency have also been evaluated experimentally with genetically modified yeast strains. The competing strains were isogenic except for a single mutation that made one strain capable of using only the more efficient process of respiration but slowed growth rate. The other strain gained energy primarily through the less efficient process of fermentation and grew more rapidly (Maclean and Gudelj, 2006) . When these strains competed in a homogenous, continuous culture, the rapid growing organism was more fit and outcompeted the efficient organism. Altering only the temporal availability of resources by using batch culture or in combination with spatial structure by using a metapopulation of batch cultures, allowed for the coexistence of rapid and efficient strains. Taken together, these studies indicate that a few key factors-low resource concentrations, spatial heterogeneity and temporal resource dynamics-can increase the fitness of efficient strains.
Typical laboratory cultivation differs from the conditions microorganisms experience in their natural environments, where spatial heterogeneity is pervasive (Stocker, 2012) . The lack of spatial or temporal structure in typical laboratory cultivation causes resources to be a global commodity shared by the entire experimental population. Selection therefore favors rapid growth in both batch and continuous cultivation evolution experiments (Dykhuizen and Hartl, 1981; Vasi et al., 1994) . Spatial heterogeneity can be accomplished in a laboratory setting by using an oil emulsion that compartmentalizes individual microbes. In one study, a population of randomly mutagenized Lactococcus lactis was serially propagated in an oil emulsion. This led to a rateefficiency tradeoff between isolated clones. Isolates with increased growth efficiency relative to the parental strain of L. lactis were observed, yet they typically grew slower than inefficient clones in the population. The clone with the greatest yield and slowest growth rate had a large increase in relative abundance throughout the 28 days of propagation, demonstrating selection favoring efficient growth (Bachmann et al., 2013) .
Spatial heterogeneity, low resource concentrations and temporal resource dynamics can all favor efficient growth because each of these factors influence the scale of competition, effectively privatizing resources to individuals and shifting the cost of inefficient resource use from the community to the individual. Populations founded by inefficient organisms will be smaller than those founded by efficient organisms, given the same amount of resource for each population (Pfeiffer et al., 2001) . Competition between organisms capable of achieving varied population sizes in spatially structured environments can lead to counter-intuitive results. Using genetically modified strains of Escherichia coli, Chuang et al. (2009) showed that selection could favor a strain that produced a larger final population size in a spatially structured metapopulation, even when it was at a growth rate disadvantage, a phenomenon that has been described statistically as the Yule-Simpson effect. This phenomenon demonstrates that considering the environmental context in which selection acts on microorganisms is critical.
Two key variables, resource availability and the free energy content of these resources, have large impacts on the physiology and growth efficiency of microbial populations and deserve a more detailed discussion and analysis. The framework presented for how these variables impact growth efficiency will then be used to develop a model of growth efficiency that distinguishes two distinct life histories.
Growth efficiency varies with resource availability
Heterotrophic bacteria utilize organic compounds for two primary purposes: as a source of energy (extracted through catabolism) and as a source of carbon molecules to build biomass (anabolic reactions). The fractionation of carbon between catabolism and anabolism varies within and between organisms. One factor that modulates the fractionation of carbon within an organism is growth rate. At submaximal growth rates, bacteria uncouple anabolism from catabolism (Tempest and Neijssel, 1984) and a larger fraction of the cell's energy budget is devoted to maintenance functions rather than biomass synthesis (Tempest and Neijssel, 1984; Russell and Cook, 1995) . The decreased proportion of biosynthesis in the energy budget at submaximal growth rates can be measured by tracking the fate of carbon to biomass or CO 2 .
Previously published measures of the fractionation of carbon between catabolism and anabolism are often reported as biomass yields using mass units. Because yields are resource dependent, comparing yields across different resources requires converting the data to a common currency. We convert growth yields to CUE-moles of carbon incorporated into biomass per total moles of carbon consumed (equation 1a). During non-fermentative growth, the total carbon utilized by heterotrophs is equivalent to carbon incorporated into biomass production plus carbon respired, and CUE can be expressed as in equation 1b. Oxygen consumption and dry biomass measurements can also be used to calculate growth efficiency, as in equation 1c, when there is a consistent carbon content in the biomass of the organism and the respiratory quotient (RQ, the ratio of CO 2 produced per O 2 consumed) reflects complete oxidation of the substrate. We calculated CUE, using equations 1b and c, and the steady-state concentration of the limiting resource in a series of chemostat experiments with strains of Klebsiella aerogenes (Herbert, 1976; Neijssel and Tempest, 1976) . The assumptions that the biomass has a constant carbon content and the carbon source is completely oxidized are reasonable for this organism during carbon-limited growth (Neijssel and Tempest, 1975; Herbert, 1976) , so we are able to quantify the impact of resource availability on CUE.
To calculate the concentration of the limiting resource (R) we used equation 2, where R is a function of the dilution rate (D) and physiological properties of the organism: the maximum specific growth rate (m max ) and the concentration of the limiting resource that supports the organism's growth at half of the maximal rate (K s ).
During glycerol-limited growth of K. aerogenes in a chemostat culture, a larger fraction of the total carbon consumed is assimilated into biomass as growth rate increases and a smaller proportion is required for respiration ( Figure 1a ). All carbon is accounted for at each steady-state growth rate of K. aerogenes (biomass C þ respired C), indicating that partial oxidation products of glycerol are not accumulating in the medium.
Converting the carbon metabolism data in Figure 1a into CUE (equation 1) and plotting this against the steady-state limiting resource concentration (equation 2) provides insight into the relationship between these parameters (Figure 1b) . Growth efficiency increases as the limiting resource concentration is raised during glycerol-limited growth, until reaching a plateau of maximum efficiency at higher resource concentrations. The same relationship between growth efficiency and resource concentration is apparent regardless of whether growth is phosphate, sulfate or glucose limited, assuming complete carbon source oxidation (Figure 1c) . K s values for glucose (Neijssel and Tempest, 1975) and sulfate (Owens and Legan, 1987) were taken from the literature on K. aerogenes, whereas the values for phosphate (Owens and Legan, 1987) and glycerol (Neijssel and Tempest, 1975; Owens and Legan, 1987) are derived from E. coli. Although this historical data may not perfectly reflect the K s values realized during the original experiment, the same relationship with CUE is observed even when manually altering K s values within a larger range of values of closely related organisms from the literature (data not shown). In addition, in the sulfate-and phosphate-limited cultures, the lowest concentrations of limiting resource do not always lead to complete carbon source oxidation (Neijssel and Tempest, 1975) . This is based on the measurements at a single dilution rate and will not alter our interpretations and conclusions because it will lead to a lower CUE than was calculated at the lowest resource concentrations.
These results imply that carbon metabolism becomes more efficient as growth becomes less nutritionally constrained, with an organism's maximal growth efficiency reached near unconstrained, balanced growth. As discussed below, maximal CUE is also specific to the organic source being metabolized and likely specific for the entire physical and chemical environment.
Growth efficiency varies with resource quality
Growth efficiency is also dependent on the amount of energy captured during the oxidation of different organic compounds. To demonstrate the magnitude of changes in CUE due to the energy content of different carbon sources, we gathered the data from batch cultivation experiments in which 10 different species of bacteria were grown in minimal media with different organic compounds serving as the sole carbon and energy source (Linton and Stephenson, 1978) . We calculated CUE assuming biomass had a constant carbon content for all organisms (Simon and Azam, 1989) and plotted against the heat of combustion per carbon atom in the organic compound supporting growth (Figure 2 ). Bacteria growing on resources with small amounts of free energy per carbon atom must use energy to reduce the carbon to the oxidation state of their biomass. This increased demand for energy, in the form of reducing equivalents, decreases overall CUE on low energy resources. When the energy content of the carbon in the resource and biomass (calculated from Cordier et al., 1987) is similar, the efficiency of growth stops increasing. This phenomenon has been reported for microbes in soils, as well as in pure culture (Manzoni et al., 2012) .
Batch culture allows for unconstrained, balanced growth conditions and, we argue, a microbe's maximal efficiency for that environment. Yet, we still see that growth efficiency depends on the energy content of the carbon resource, even when the resource is provided in quantities that far exceed biosynthetic demand. Despite the increased variability introduced by comparing 10 different bacteria in this analysis, a strong relationship between efficiency and energy content of the carbon resource is observed. Figure 1 The influence of limiting resources on the CUE of K. aerogenes NCTC 418 in chemostat cultures. (a) Allocation of carbon in a glycerol-limited chemostat culture as a function of dilution rate (Herbert, 1976) . (b) Variation in CUE related to the steady-state glycerol concentration (calculated from Herbert, 1976) . (c) Relationship between CUE and the steady-state limiting resource concentration in glucose-, phosphate-or sulfate-limited conditions (calculated from Neijssel and Tempest, 1976) . Curve fitting in all panels was generated using a locally weighted regression algorithm (LOESS) to help visualize trends.
Figure 2 CUE of 10 bacterial species related to the energy content of the organic compound supporting growth (calculated from Linton and Stephenson, 1978) . Distinct symbols represent different bacterial species. The heat of combustion of representative organic compounds and an average for bacterial biomass (E. coli (130.2) and M. methylotrophus (132.5), calculated from Cordier et al., 1987) are presented on the x axis.
Life history and growth efficiency
One of the best-known distinctions of microbial life histories is the copiotroph-oligotroph dichotomy. Copiotrophic microbes are selected for rapid growth when resources are abundant, whereas oligotrophic microbes have adaptations for growth in persistently resource-poor environments (Koch, 2001 ). This framework has many similarities to the concepts underlying r/K selection theory in macroecology, where the selective pressures on organisms are a function of resource availability or population density. Unlike r/K selection, the copiotroph-oligotroph dichotomy does not require differential patterns of survival or persistence.
There is a striking parallel between the conditions where oligotrophs thrive and the conditions that select for efficient organisms. Many ecosystems that have considerable oligotroph membership, such as the open ocean and bulk soil (Fierer et al., 2007) , contain habitats with low resource availability and spatial structure that should select for efficient microbial growth. We propose a conceptual model that outlines how growth efficiency varies between an archetypical copiotroph and oligotroph as a function of resource concentration and quality (Figure 3) .
The relationship between growth efficiency and resource concentration in our proposed model follows the same general pattern for both the oligotroph and copiotroph. The capacity for growth is indicated by the extent of the growth efficiency function, which terminates when growth is no longer supported. These two life histories have distinguishing features in the relationship between efficiency and concentration of the limiting resource in their environment. The proposed model contains the following elements and hypotheses:
1. As has been proposed previously (Zhao et al., 2013) , oligotrophs are superior competitors for resources at low resource concentrations. This is visualized as the oligotroph having the capacity to grow at a much lower concentration of a limiting resource than the copiotroph.
2. On the basis of the evidence from Figure 1 , growth efficiency increases for both copiotrophs and oligotrophs as the limiting resource concentration increases up to a threshold where maximum efficiency is achieved. As a smaller proportion of carbon metabolism is directed towards maintenance energy, efficiency increases until it reaches a maximum near balanced growth. 3. We hypothesize that maintenance energy is lower for oligotrophs compared with copiotrophs. There are two consequences of this in our model: the minimum growth efficiency is higher for the oligotroph and the rate of increase in growth efficiency is slower. This extends the range of resource concentrations supporting the oligotroph's growth. Eight cellular functions have been described as the components of maintenance energy (van Bodegom, 2007) and oligotrophs have been shown to minimize costs associated with three of these functionsprotection from oxygen stress, cell motility, and the synthesis and turnover of macromolecules. A large clade of marine oligotrophs have lost the capacity to synthesize oxygen stress protectants when they are freely available in their environment (Morris et al., 2012) and many described oligotrophs are also non-motile (Lauro et al., 2009; Stocker, 2012) . Additionally, genome streamlining is common in oligotrophs (Giovannoni et al., 2014) , which may be an adaptation to decrease the amount of resources invested in macromolecule synthesis and turnover. Taken individually, any one of these traits is not exclusive to, or universally present in, oligotrophs. However, there is a tendency towards minimizing maintenance energy costs in oligotrophs and more work must be done to evaluate this hypothesis. 4. On the basis of the evidence from Figure 2 , growth efficiency increases for both copiotroph and oligotroph as the energy content of the resource is increased. This is displayed in our model in Figure 3 , as gray versus black lines. 5. We propose that the maximal growth efficiency of oligotrophs is higher than copiotrophs and that it is reached at a lower concentration of limiting resource. This is supported by evidence from one of the few comparisons of an oligotroph, Sphingopyxis alaskensis, and a copiotroph, Vibrio angustum, under identical conditions (Cavicchioli et al., 2003) . The oligotroph had a greater population density at all dilution rates, and thus resource concentrations, measured in the chemostat. 6. It has been postulated that oligotrophs grow less well, or not at all, in resource-rich environments (Koch, 2001) . This is captured by the termination of the oligotroph's growth efficiency functions at a lower resource concentration than the copiotroph's. Although many of our hypotheses are built upon observations from chemostat cultures, insufficient physiological data are available for generating hypotheses at extremely low resource concentrations-corresponding to very slow or non-growing states. Technical limitations of cultivation technology are largely responsible for this lack of data, but the physiology of extreme resource starvation, where reproduction and survival processes co-occur, likely has a large role in determining microbial fitness in natural environments. It is tempting to speculate that if oligotrophs are more efficient in all physiological states, they would have an increased carrying capacity, the parameter K in r/K selection, relative to copiotrophs in the same conditions. However, there are not enough data to support a universal prediction of oligotrophs possessing increased carrying capacity, persistence or other K-selected traits that are not directly linked to growth. We believe it is important to make predictions about growth physiology during extreme starvation, but more data are needed to understand the interplay between growth and persistence in near non-growth conditions for all life histories.
We hope these hypotheses will stimulate critical discussion of the many potential mechanisms underlying the growth efficiency of microbial populations. The physiology of an individual microbe encompasses thousands of individual reactions and growth efficiency integrates these reactions into an emergent phenotype. In addition, growth efficiency directly interacts with both ecological and evolutionary processes in microbial communities. All natural microbial environments contain spatial structure, resource limitation or temporal resource dynamics. Therefore, all natural microbial environments, from relatively stable syntrophically-associated subsurface communities to dynamic host-microbe systems, must impart some selective pressure for efficient growth on their microbial assemblages. Although the consequences of these selective pressures for ecosystem functioning are unclear, any attempts to manage microbial communities must recognize evolutionary pressures favoring efficient growth are most likely present in natural microbial systems. Just as past microbiologists have used growth rate to better understand the coordination of cellular processes necessary for reproduction, modern microbiologists have the opportunity to use growth efficiency to unify our understanding of the physiological, ecological and evolutionary processes shaping microbial communities.
